Introduction {#sec1}
============

The design of novel materials in biomedical science has experienced a rapid growth in the last decades. Within this field, nanocarriers based on hybrid materials for pharmaceutical nanotechnology purposes are becoming particularly attractive due to the possibility of manipulation of structures at the nanometer scale, providing unique properties, such as high interfacial area, efficient drug loading, and high biocompatibility and bioavailability, which can contribute to minimize the required dose of medicines.^[@ref1],[@ref2]^

Within the hybrid materials family, there is a special focus on bionanocomposite materials,^[@ref3]−[@ref5]^ which is a new generation of nanostructured materials derived from the combination at the nanoscale of inorganic solids with biopolymers, showing desired properties for the biomedical area, such as biocompatible and biodegradable character, besides improved thermal, mechanical, and chemical properties. Regarding the drug release area, the preparation of bionanocomposites as drug-delivery systems becomes a versatile strategy for the development of optimized pharmaceutical formulations. Several organic--inorganic hybrid materials based on clays have been developed recently within this topic, including clay minerals combined with drugs intended for targeted purposes.^[@ref6]−[@ref8]^ Clay minerals have been used as popular remedies for a long time, as antidiarrheal, in blood clotting and wound healing, curing ulcers, preventing infections, and even treating some allergies in the body.^[@ref9]−[@ref11]^ Besides, clays have been added to enhance the pharmaceutical properties depending on the required medical application.^[@ref12]^ Among the clay minerals that can be used as excipient in pharmaceutical formulations, layered montmorillonite (MMT) is one of the most widely employed. It is an expandable 2:1 phyllosilicate composed of a central sheet of octahedrally coordinated aluminum, which is sandwiched between two sheets of tetrahedral silicons coordinated with oxygen atoms ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). In addition to provide a controlled, sustained, or delayed release,^[@ref8],[@ref9],[@ref13]^ the incorporation of drug molecules into layered clay minerals has received great attention for biomedical applications because these active organic molecules are stabilized in the interlayer space improving also the photo, dispersion, and thermal stabilities required for fragile bioactive compounds. In this sense, diverse drug molecules were already immobilized in sodium montmorillonite as, for example, gentamicin for antibacterial activity against *Escherichia coli*,^[@ref14]^ the antidiabetic metformin,^[@ref15]^ the neuroleptic drug chlorpromazine,^[@ref16]^ or praziquantel used for the treatment of human schistosomiasis.^[@ref17]^ In some cases, the resulting drug--clay hybrids are combined with polymers to form a nanocomposite drug-delivery system for oral or topical administration with increased release control, as in the case of chlorhexidine--MMT--chitosan for the treatment and prevention of microbial colonization in wounds,^[@ref18]^ the drug olanzapine used in the treatment of schizophrenia, which was intercalated in MMT and processed as beads through a combination of the drug--clay moiety with a biopolymer blend based on alginate and xanthan gum polysaccharides,^[@ref19]^ donepezil--MMT used for the symptomatic treatment of mild and moderate Alzheimer's disease that are protected with the polymer Eudragit E-100,^[@ref20]^ phytochemicals such as curcumin with anticancer potential assembled to poly(lactic-*co*-glycolic acid) and MMT,^[@ref21]^ MMT--chitosan--silver sulfadiazine nanocomposites for topical treatment of chronic skin lesions,^[@ref22]^ or polymer films loaded with carvacrol/clay hybrids (MMT, halloysite, and palygorskite) for the treatment of infected skin ulcer.^[@ref23]^ Various factors can be related with the dissociation of the drug molecules from these hybrid systems. In the case of (bio)nanocomposite systems based on clays, ionic exchange,^[@ref15]^ sensitive pH stimuli,^[@ref19],[@ref24]^ or diffusion and erosion mechanisms^[@ref25]^ can take place in the drug release process.

![Representations of (a) montmorillonite and (b) sepiolite (Sep) structures from different planes. In montmorillonite (a), Si and Al atoms are displayed as polyhedra in yellow and pink, respectively, whereas in sepiolite (b), Si and Mg atoms are displayed as polyhedra in yellow and green, respectively. In both structures, O atoms are displayed as red balls. (c) Molecular structure and approximate dimensions of neomycin B, as taken from the RCSB protein data bank database (NMY experimental model). H, C, O, and N atoms are displayed in white, gray, red, and blue, respectively.](ao-2018-010264_0005){#fig1}

Although less used than montmorillonite in the biomedical sector, fibrous clays such as sepiolite are also suitable for pharmaceutical applications.^[@ref26]−[@ref28]^ This fibrous clay is a hydrated magnesium silicate that belongs to the phyllosilicate group of clay minerals with a 2:1 ribbon structure, with external tetrahedral sheets of silicon and a central octahedral sheet containing magnesium. However, there is a periodic discontinuity of these TOT layers, giving rise to a peculiar structure consisting of alternated blocks and tunnels, as well as structural channels in the external surface ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). As a result, this clay mineral exhibits high specific surface area (around 320 m^2^ g^--1^)^[@ref29]−[@ref31]^ as well as high number of silanol groups (≡Si--OH) located at the edges of the external blocks. Due to the presence of silanol groups on the external surface, this clay becomes amenable to assembly with a wide variety of organic species, like drugs and polymer matrices, through hydrogen or covalent bonding, allowing the preparation of different hybrid and bionanocomposite materials.^[@ref32]^ Although sepiolite does not show properties of lamellar expansion, such as montmorillonite, it is known that small molecules like pyridine can be confined in the sepiolite tunnels. It has been shown that sepiolite--pyridine is formed by the coordination of pyridine directly with the Mg cations present in the sepiolite tunnels.^[@ref29],[@ref33]−[@ref35]^ It was also studied the adsorption of organic dyes, e.g., methylene blue,^[@ref35]^ or the possible penetration of polymers such as poly(ethylene oxide) into the sepiolite tunnels, forming stable nanocomposites.^[@ref36]^ The interesting adsorption properties of this silicate at the external surface, together with the possibility of penetration of some molecules in its tunnels, make sepiolite a versatile inorganic unit in the design of bionanocomposite materials. In fact, the use of sepiolite in bionanocomposite materials has been growing rapidly in recent years in diverse research areas. Apart from some pioneering studies on sepiolite--collagen materials for tissue engineering in the 1980s and the 1990s,^[@ref37],[@ref38]^ the use of this inorganic solid for controlled release applications is just beginning, and only a few reports can be found in the literature. In this context, we can mention the preparation of ternary systems based on (oxaprozin--cyclodextrin) clay by the high ability of sepiolite in the effective adsorption of the drug,^[@ref27]^ its use in the controlled storage and release of nitric oxide,^[@ref39]^ as inorganic support of Influenza virus in xanthan gum-based bionanocomposites^[@ref40]^ or as support of bioactive substances in antibacterial formulations.^[@ref26]^ In addition, recent studies show that sepiolite does not affect the cell viability at moderate concentrations, and it can be even considered as an effective anti-inflammatory agent, displaying higher edema inhibition compared to tubular halloysite clay.^[@ref28]^ These works open new possibilities for the effective use of this clay in pharmaceutical science.

With this purpose in mind, clay--drug hybrid materials based on montmorillonite and sepiolite were synthesized employing the antibiotic neomycin (Neo) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) as drug model. These clay--neomycin hybrid materials were properly characterized and combined with a biopolymer mixture prepared from carboxymethylcellulose (CMC) and zein (Z), resulting in bionanocomposite films for topical delivery of neomycin. The carboxymethylcellulose (CMC) is a hydrophilic anionic polysaccharide (based on the β-(1,4)-[d]{.smallcaps}-glucopyranose cellulose), which is obtained by inserting COOH groups in the molecular chains of cellulose. On the other hand, zein (Z) is a hydrophobic protein from maize. Both biopolymers show nontoxicity and biodegradability, which allow their use in tissue engineering (bone, cartilage), or as a carrier system for drugs either alone or in combination with other polymers. Their different solubility in physiologic media can be exploited for controlled release applications. The physical properties, as well as the antimicrobial activity of these neomycin-loaded bionanocomposite films were evaluated as a function of the incorporated hybrid. In addition, these new clay--drug hybrids were studied through a combination of experimental and computational methodologies, to investigate important factors that may influence the performance of these hybrids regarding the antimicrobial activity. Thus, to the best of our knowledge, the bionanocomposite films in this study have not been reported in the literature, and this study was the first to evaluate their antimicrobial activities.

Results and Discussion {#sec2}
======================

Clay--Neomycin Hybrid {#sec2.1}
---------------------

Montmorillonite (MMT) and sepiolite (Sep) clay minerals were employed as substrate of the antibiotic drug neomycin. The formation of these hybrid materials was carried out by adsorption in aqueous phase, where a clay suspension was added slowly in a neomycin solution. To study the affinity between the oligosaccharide and Sep, the adsorption isotherm of neomycin on the silicate at 25 °C was investigated. According to the adsorption isotherm curve ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), the neomycin molecules are progressively adsorbed on the fibrous silicate, following the typical L-type curve,^[@ref41]^ where the amount of drug adsorbed becomes practically constant giving a plateau from an equilibrium concentration of 90 mg L^--1^ onward, reaching maximum adsorption values of approximately 2.2 g of drug per 100 g of clay. Although the data for neomycin adsorption on sepiolite can be adjusted to the Langmuir equation,^[@ref42]^ the Sep--Neo isotherm is better adjusted by the Freundlich equation^[@ref43]^ since higher correlation coefficient (*R*) was obtained for this model (*R* = 0.9581 and 0.9896 for Langmuir- and Freundlich-type isotherm models, respectively), which indicates that the adsorption is favorable throughout the range of concentrations studied ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf)). ζ-Potential measurements carried out in neat sepiolite showed a value of −24.5 mV. However, in Sep--Neo material, the ζ-potential value is altered toward more positive values (−0.71 mV) due to neutralization of the negative charge in sepiolite by the adsorbed positively charged neomycin molecules.

![(a) Adsorption isotherm of neomycin on Sep and (b) X-ray diffraction (XRD) patterns of pure neomycin, pristine MMT, and MMT--Neo hybrids prepared by ion-exchange reaction with Neo for 24, 48, and 72 h.](ao-2018-010264_0002){#fig2}

On the other hand, the adsorption of neomycin into MMT clay was studied as a function of reaction time by XRD, using an amount of neomycin about 6 times higher than the CEC of the clay to ensure the adsorption of the maximum amount of antibiotic. From the diffractograms shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, it is evidenced that the first diffraction peak (001 reflexion at 7.4° 2θ) is displaced toward lower 2θ values, which indicates that neomycin is incorporated in the interlayer region of the MMT. The basal spacing increases with reaction time, reaching a value of 1.40 nm for the hybrid material obtained after 72 h of reaction ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Taking into account that the thickness of the silicate layer is 0.96 nm,^[@ref44]^ the calculated interlayer distance (Δ~dL~) in these MMT--Neo hybrids varies gradually from 0.39 to 0.44 nm. However, the amount of neomycin adsorbed in these MMT--Neo hybrids, which was deduced from CHNS chemical analysis, revealed that the neomycin content practically does not change with time (10.0 g of drug per 100 g of MMT). This result suggests that the increase of basal distance observed by XRD measurements is not due to a kinetic effect of the incorporation of drug, but rather due to a possible progressive reorganization of the neomycin molecule confined in the intracrystalline space of montmorillonite. Considering that the MMT--Neo hybrid prepared by ion-exchange reaction for 72 h showed the highest interlayer distance, and likely, a more stable structural conformation, this sample was selected for further studies.

The possible interactions taking place during the adsorption process of neomycin on SEP and MMT were investigated by Fourier transform infrared (FTIR) spectroscopy ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The spectrum of neomycin ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) shows a broad band at approximately 3100 cm^--1^ corresponding to the overlapped ν~NH~ and ν~OH~ stretching bands. In addition, vibration bands assigned to ν~CH~, ν~CO~ of C=O from amide I groups and ν~CN~ of C--N--H from amide II can be appreciated in 2890, 1620, and 1523 cm^--1^, respectively.^[@ref45]^ MMT clay shows the characteristic vibration modes at 3627, 1636, and 989 cm^--1^ of the ν~OH~, δ~HOH~, and ν~SiOSi~ bands, respectively.^[@ref46]^ Apart from the typical bands from MMT, the MTT--Neo spectrum ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) shows also bands associated with the intercalated drug. In this case, the bands at 1620 and 1523 cm^--1^ corresponding to amine groups from neomycin are displaced to higher wavenumbers, due to the interaction between the protonated amine groups from neomycin and the negatively charged sites of the MMT structure.

![Infrared spectra (4000--500 cm^--1^) for (a) MMT--Neo and (b) Sep--Neo hybrids. The insets in (b) show magnified spectra in the 3800--3600 cm^--1^ range.](ao-2018-010264_0010){#fig3}

It is well known that the sepiolite fibers are not expandable, and therefore, the intercalation properties are scarce, being its outer surface the preferential site for the adsorption of the most diverse molecules.^[@ref47]^ Analyzing in more detail the 3800--3600 cm^--1^ spectral zone of sepiolite (inset in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b), it is possible to observe that the band attributed to OH stretching vibrations from the Mg--OH groups at 3688 cm^--1^ remains practically unaltered in the Sep--Neo material. An important fact observed in the Sep--Neo spectrum is that the bands associated with the ν~OH~ of free silanol groups, which are located at the external surface of the sepiolite, are not appreciable in the spectrum of the hybrid material. Similar results were evidenced by other studies involving microfibrous clays,^[@ref48],[@ref49]^ and in this case, it was attributed to the perturbations at the outer surface of the silicate through hydrogen bonding between the silanol groups from the sepiolite and functional groups of the drug, displacing this band toward lower frequency values, which makes it barely visible. Although these results point out to the drug interaction with the external surface of the mineral, a possible inclusion of the drug into sepiolite tunnels should not be discarded since neomycin shows suitable dimensions to be accessible to the intracrystalline tunnels of silicate, as discussed below based on computational results. According to the literature, the penetration of organic molecules into the tunnels of sepiolite can affect those IR bands related to both zeolitic and crystal water.^[@ref50]^ Analyzing the crystal water zone (3700--3000 cm^--1^), it is possible to observe the band attributed to ν~CO~ of amide I group from neomycin at 1620 cm^--1^, which seems to be overlapping the δ~HOH~ vibration mode from the sepiolite (1657--1617 cm^--1^). This fact makes the interpretation of the possible interactions between these groups very difficult, being necessary additional techniques to elucidate the possibility of inclusion of the drug in the tunnels of sepiolite.

Differential thermal analysis (DTA) and thermogravimetric (TG) curves recorded in airflow conditions ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) confirm the thermal stability of clay--neomycin materials in comparison with the drug alone. The DTA corresponding to the pristine neomycin ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) shows three endothermic processes at 81, 249, and 290 °C and one exothermic event at 682 °C. The first one, associated with a weight loss of 10% in TG curve, is attributed to the elimination of adsorbed water, while the other two endothermic processes from 245 until approximately 300 °C and the exothermic event at 682 °C (total weight loss of 90%) can be related to a pyrolytic decomposition, followed by the combustion process of the drug, respectively. The thermogram of MMT--Neo hybrid ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) showed a significant change in the thermal behavior of the drug after the intercalation in MMT. Thus, three main stages of thermal decomposition of the intercalation compound are observed in the DTA curve. The first one is related to a unique and discrete exothermic process centered at 245 °C, which can be attributed to the partial elimination of neomycin located between the lamellae of the host matrix; the second and third ones correspond to the decomposition of species derived from neomycin and to the dehydroxylation process of the residual montmorillonite ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c),^[@ref51]^ which are associated with endothermic and exothermic events at 708 and 817 °C, respectively. The higher decomposition temperature of neomycin on the hybrid MTT is a consequence of the confinement effect provided by MTT.

![TG (black lines) and DTA curves (green lines) obtained for (a) neomycin, (b) MMT--Neo, (c) MMT, (d) Sep--Neo, and (e) Sep.](ao-2018-010264_0003){#fig4}

Analogously, the Sep--Neo material ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d) shows an enhanced thermal stability profile compared to the neat neomycin ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). In this case, in addition to elimination of adsorbed water at 63 °C, another endothermic peak related to decomposition of neomycin in a single step at 270 °C can be also observed. Although the thermogram of the Sep--Neo hybrid ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d) is quite similar to that of the pristine sepiolite, the endothermic event at 682 °C, which is associated with the decomposition of derived compounds of neomycin (see DTA curve in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a), is not appreciated, neither the endothermic process at 533 °C related to loss of Mg-coordinated water molecules located within the structural tunnels of pristine sepiolite (dehydration process) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e), being observed in the Sep--Neo sample only an endothermic event at 768 °C. This behavior suggests that sepiolite causes a protective effect of the drug shifting its decomposition toward higher temperature values and, at the same time, that the adsorption of neomycin seems to have a clear effect on the dehydroxylation process of sepiolite, contributing to its occurrence at temperatures above 540 °C, enhancing the thermal stability of the mineral. These facts could be explained by a possible penetration of neomycin into tunnels of sepiolite, which would increase the thermal stability of both drug and silicate in the Sep--Neo hybrid. The exothermic peak at 846 °C in the DTA curve corresponds to the internal recrystallization of the dehydroxylated phase to become protoenstatite (MgSiO~3~).^[@ref52]^

To investigate the possibility of occlusion of neomycin into sepiolite tunnels, a study of the thermal evolution of the system Sep--Neo was carried out through XRD ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). For this assay, the hybrid sample and neat sepiolite were heated under nitrogen flow (5 °C min^--1^) at 550 and 900 °C. XRD patterns of the materials display a considerable decrease in the intensity of the peak corresponding to the (110) reflection of the clay heated at 550 °C. According to the literature,^[@ref52]^ a structural change (crystal folding) of neat sepiolite occurs approximately at 450 °C, which is associated with the displacement of (110) reflection from 1.20 nm in the original sepiolite up to 1.16 in the so-called "anhydrous sepiolite".^[@ref30],[@ref36]^ In the Sep--Neo diffractogram heated at 550 °C ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c), the peak corresponding to (110) reflection is slightly better preserved than in the unmodified sepiolite treated at the same temperature ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b), although it shows also a decrease in intensity compared to the pristine clay ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). These results corroborate the conclusions from the TG/DTA analysis of the Sep--Neo hybrid ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c), where the typical endothermic event at 550 °C related to dehydroxylation of the silicate was not observed, and provides additional support to the hypothesis that the neomycin could partially penetrate in the tunnels of silicate, most likely at the tunnel endings, retarding as a consequence the structural collapse of the clay. This interpretation can be supported by the analogous results where molecular species, such as indigo, methylene blue, pyridine, quaternary amines, or polyacrylonitrile, can access the tunnels of sepiolite delaying the folding of the structure.^[@ref36],[@ref50]^ As expected, the stronger structural changes take place at higher calcination temperatures (900 °C), resulting in the formation of the protoenstatite phase and the (110) reflection disappears in both neat sepiolite and Sep--Neo diffractograms ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d,e).

![XRD patterns of (a) pristine Sep, (b) Sep, and (c) Sep--Neo calcined samples at 550 °C and (d) Sep and (e) Sep--Neo calcined samples at 900 °C.](ao-2018-010264_0008){#fig5}

[Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} lists the textural properties of the neat sepiolite and Sep--Neo hybrid obtained from adsorption--desorption N~2~ isotherms ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf)). The Brunauer--Emmett--Teller specific surface area determined from N~2~ adsorption of starting sepiolite (342 m^2^ g^--1^) was reduced in the hybrid material due to the drug adsorption, reaching a value of 245 m^2^ g^--1^. Given that this clay exhibits structural micropores that can be accessible to neomycin, the micropore area of the samples was calculated as the difference between the BET and external surface area. As shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the neomycin adsorption on sepiolite (Sep--Neo material) causes a significant decrease of 76 m^2^ g^--1^ in the micropore area in comparison to the starting clay (calculated values of 195 m^2^ g^--1^ in pristine sepiolite and 119 m^2^ g^--1^ in Sep--Neo). In contrast, external surface area values of hybrid material suffer only a small variation of 24 m^2^ g^--1^ in comparison to starting sepiolite, decreasing from 147 to 123 m^2^ g^--1^ in the hybrid sample. These results indicate that neomycin could be partially adsorbed into the nanosize tunnels, also supported by XRD of the calcined hybrid, although most of the drug molecules seem to be located at the external surface of the mineral as pointed out by FTIR studies.

###### Textural Parameters of the Pristine Sepiolite and Sepiolite--Neomycin Hybrid

  sample      *S*~BET~ (m^2^ g^--1^)   *S*~micro~ (m^2^ g^--1^)   *S*~ext~ (m^2^ g^--1^)   maximum pore volume (cm^3^ g^--1^)
  ----------- ------------------------ -------------------------- ------------------------ ------------------------------------
  sepiolite   342                      195                        147                      0.65
  Sep--Neo    245                      119                        123                      0.57

Computational Simulations {#sec2.2}
-------------------------

The structures of the MMT--Neo and Sep--Neo hybrids were investigated through a computational study based on molecular mechanics. The goal of this study is to understand the hybrid structure formed, considering the possible location and interaction energies between the neomycin and the different clay structures.

### MTT--Neo {#sec2.2.1}

The relative stability of the neomycin molecules within the interlayer space of the MMT framework as a function of the interlayer distance is shown in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf) in the Supporting Information (SI); results are shown for two force fields. Very similar results are observed for the two force fields, consistent valence force field (CVFF, in blue) and Dreiding (in red): a sharp increase of the stability (decrease of the relative energy) with increasing interlayer space up to a distance from which a softer continuous decrease of stability is observed, only slightly differing the two force fields in the most stable interlayer distance, being 13.2 Å for CVFF and 13.6 Å for Dreiding. The experimentally observed values for the interlayer distances are in the range of 13.5--14.0 Å, showing a very good agreement with the results predicted by the computational model, being the results predicted by the Dreiding force field slightly better. In any case, these results show that the computational model performs reasonably well for simulating the swelling of the montmorillonite framework upon inclusion of the neomycin molecules. Hereafter, only results obtained with the Dreiding potential will be discussed.

A very unstable situation is observed when the molecule is loaded in the original montmorillonite framework, with a "*c*" parameter of 12.4 Å (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf)). At this interlayer space of the original framework, there is not enough space as to accommodate the bulky neomycin molecules (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A). Radial distribution function (RDF) analysis of molecular dynamics (MD) simulations suggests that the main reason for such instability seems to be a too close location of the more hydrophobic H--C atoms with the framework of O atoms, which locate at too short distances (2.2 Å) (green line in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf), top left). This clearly explains the swelling of the MMT framework upon inclusion of the neomycin molecules, as experimentally observed.

![Most stable location (as obtained with the Dreiding model) of neomycin molecules as a function of the interlayer space: the unstable original montmorillonite framework 12.4 Å (A), the most stable case with *c* = 13.6 Å (B), and unstable cases with too large interlayer distance of 15.0 Å (C).](ao-2018-010264_0006){#fig6}

An increase of the interlayer space involves a progressive stabilization of the occlusion of the neomycin molecules ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf)) since there is a larger space to accommodate the guest species. The best interlayer space, as calculated by the Dreiding force field, is found for a *c* value of 13.6 Å; as previously mentioned, this is in very good agreement with the experimental observations (which give *c* parameters between 13.6 and 14.0 Å, depending on the contact time). We should note that the model does not take into account several other species that site within the interlayer space, such as exchangeable cations or water molecules. However, results are in very good agreement with the experiments. In the most stable case (*c* = 13.6 Å) ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B), the interlayer space is such as to enable a good accommodation of the molecules, preventing steric repulsions (now the distance of the H-bonded-to-C atoms is larger, 2.6 Å, green line in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf), middle left) while enabling a simultaneous strong interaction between the different H atoms bonded to polar groups (O and N) and the framework O atoms of the two consecutive layers, establishing strong O(mont)···HX(neo) H-bonds with interatomic distances of 2.0 and 2.2 Å (with HO and HN, respectively) (blue and red lines in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf)). If the interlayer space is further increased, the stability starts to decrease again ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf)). As an example, we will focus on the system with *c* = 15.0 Å ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C); in this case, the interlayer distance is too large to enable a strong interaction of the H atoms of neomycin with the two layers. Indeed, RDF results ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf), bottom left) show that only the H--N atoms interact with the O framework atoms; H(O) and H(C) atoms are too far to interact with the layers, thus resulting in a lower stability of the system. Hence, these results clearly explain the experimental observations of the swelling of montmorillonite in the presence of neomycine.

### Sep--Neo {#sec2.2.2}

In the case of Sep--Neo hybrid, the docking of one neomycin molecule in the molecular structure experimentally determined ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) through the Monte Carlo (MC) simulations was unsuccessful since the molecule does not fit within the sepiolite channels in this particular molecular conformation. This is probably due to the shortest (∼5 Å) dimension being too large to fit within the shortest (∼7 Å) dimension of the sepiolite channels (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). A set of different molecular conformations of neomycin were then generated by simulated annealing calculations of the molecule in vacuo, with different molecular dimensions, and none of them was able to dock within the sepiolite channels through the MC simulations.

A different molecular structure was then manually built, where the molecule is in a quasi-planar configuration, giving a shortest dimension considerably smaller (∼3.5 Å) ([Figure S5a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf)). In this case, the MC simulations did lead to the incorporation of a molecule within the sepiolite channels ([Figure S5b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf)). Worth is noting that optimization of this planar molecular structure of neomycin in vacuo led to a slightly different conformation that in this case was not able to fit within the molecule after MC simulations. This result suggests that neomycin does not seem to be able to enter the sepiolite channels in its most stable conformation and therefore needs to rearrange its molecular structure to a quasi-planar and elongated shape to be able to enter the channels. Such energy penalty could be compensated for by the interaction developed with sepiolite framework ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The molecules locate with the longest molecular axis aligned with the tunnel direction. The NH~3~^+^ groups develop H-bond interactions with the O atoms of the sepiolite framework walls (dashed blue lines in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a). Hydroxyl groups are involved in both intramolecular H-bonds to stabilize the molecular conformation and also with the framework walls. The interactions of the neomycin molecules with the framework were studied by analyzing RDFs between relevant sets of atoms during NVT molecular dynamics simulations ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d). Results show that the strongest interactions are developed between H(O) atoms of hydroxyl groups and the O1 framework atoms (on the top and bottom walls of the tunnels, see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b), where strong H-bonds at 1.7 Å are established (solid blue lines). The H atoms of the ammonium groups also develop strong and abundant H-bond interactions, at distances of around 2.2 Å (solid red lines). In both cases, the interactions with O1 atoms are stronger than those with the lateral O2 framework atoms (dashed lines). Thus, through this study, we can conclude that the dimensions of the sepiolite tunnels are large enough to host the neomycin molecule, as long as this adopts a particular conformation with a quasi-planar shape, which is not its most stable conformation in vacuo and therefore might be kinetically impeded.

![Three views of the most stable location of neomycin within the sepiolite tunnels after simulated annealing calculations (a--c) (dashed blue lines indicate H-bonds), and interatomic RDFs between relevant atoms (d) (ho and hn refer to H atoms bonded to O and N in neomycin, respectively; O1 and O2 are sepiolite framework O atoms in the tunnel walls, as defined in (b)).](ao-2018-010264_0007){#fig7}

Clay--Neomycin-Based Bionanocomposite Films {#sec2.3}
-------------------------------------------

Bionanocomposite films for antibiotic topical delivery were prepared by the incorporation of neomycin from MMT--Neo or Sep--Neo hybrids into a carboxymethylcellulose-zein (CMC-Z) matrix. For this purpose, the polysaccharide CMC was combined with different amounts of the protein zein (0, 10, and 50% w/w) to optimize the ratio of biopolymers aiming at improving neomycin delivery.

The pristine biopolymers CMC-Z prepared with 50% of zein (CMC-Z50) and the bionanocomposite films containing MMT--Neo and Sep--Neo were analyzed by FTIR spectroscopy ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). Films prepared from the direct incorporation of neomycin into CMC-Z50 matrix were also studied for comparison purposes. The spectrum of CMC ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a) shows characteristic absorptions at 3313, 1588, 1414, and 1037 cm^--1^, assigned to the ν~OH~, ν~assCO~ (COO−), ν~simCO~ (COO−), and ν~CO~ (O--C--O) vibrations, respectively. The zein spectrum ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b) is characterized by the presence of a broad band centered at 3290 cm^--1^ related to the NH stretching vibration mode of amide A associated with the peptide groups of the protein. Bands at 1641 and 1522 cm^--1^ are attributed to ν~CO~ and ν~CN~, which correspond to C=O of amide I and C--N--H of amide II from peptide groups.^[@ref53]^ However, in the spectrum of the CMC-Z50 blend ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c), the ν~CO~ band at 1641 cm^--1^ attributed to amide I groups of zein seems to be overlapped by the CMC characteristic band at 1588 cm^--1^, being evident only a single band at 1634 cm^--1^. Analogously, as reported for biopolymer systems based on zein combined with the polysaccharide alginate,^[@ref54]^ this effect can be a consequence of possible interactions between the protonated amino groups from zein and the carboxylate groups from the cellulose derivative. The band corresponding to the amide II in zein is shifted toward higher wavenumber values by 14 cm^--1^, showing up now at 1536 cm^--1^. All of these displacements suggest the establishment of interactions between the protein and the polysaccharide.

![Infrared spectra (4000--650 cm^--1^ region) of (a) CMC, (b) zein, (c) CMC-Z50 blend, (d) CMC-Z50/Neo, (e) CMC-Z50/MMT--Neo, and (f) CMC-Z50/Sep--Neo films.](ao-2018-010264_0004){#fig8}

Concerning the material prepared from the direct incorporation of neomycin into biopolymer matrix (CMC-Z50/Neo) ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}d), it is possible to appreciate a broad band between 1600 and 1590 cm^--1^ which can be related to an envelope of the amide I bands from both protein and neomycin, as well as the carboxylic groups from the polysaccharide structure. Otherwise, in the spectrum of the bionanocomposite film that incorporates neomycin from the MMT--Neo intercalation compound, CMC-Z50/MMT--Neo ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}e), the characteristic band of the layered silicate at 993 cm^--1^ associated with υ~Si--O--Si~ vibrations appears overlapped by the υ~CO~ vibration from CMC biopolymer, appearing as a single band at 1010 cm^--1^. However, in the spectral zone at higher wavenumbers (ca. 3600 cm^--1^), it is possible to evidence the presence of a holder at 3630 cm^--1^, which is related to the υ~OH~ of Al, Mg(OH) regarding MMT in the hybrid material incorporated to biopolymer matrix. Similarly to the system discussed above, the system that incorporates Sep--Neo hybrid ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}f), due to an overlap of bands from the polysaccharide and Si--O--Si groups of the mineral, only a single band near 1000 cm^--1^ is observed in the CMC-Z50/Sep--Neo bionanocomposite film. On the other hand, in the same spectrum, a low-intensity band at 3960 cm^--1^ can be an appreciable characteristic of the υ~OH~ corresponding to −OH groups linked to Mg atoms located on the block structure of the sepiolite. The presence of this band confirms the incorporation of the Sep--Neo material into the biopolymeric matrix.

[Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf) reports the Young's moduli (*E*) and elongation at break (*E*~b~) of the films as a function of the amounts of zein as well as of the type of hybrid incorporated into the biopolymer matrix. Pure CMC film shows the Young's modulus and elongation at break of 3.72 GPa and 4.61%, respectively. The incorporation of zein in CMC decreases *E*, while an increase of the *E*~b~ moduli is observed, showing values of 2.36 GPa and 5.51%, for CMC-Z films prepared with high zein content (50%). This feature is typical for materials based on zein,^[@ref4],[@ref54]^ which is attributed to the plasticizing effect of this protein and indicates an intensification of the mobility of the chains of the CMC polysaccharide after addition of zein. In contrast, CMC films prepared with MMT--Neo and Sep--Neo hybrids in the absence of zein show a significant improvement of the Young's modulus values (4.57 and 6.25 GPa, respectively), revealing the role of these hybrid compounds as reinforcing agents (fillers) increasing the material stiffness. This reinforcing effect is also observed when zein is present in the film. Although the Young's moduli of the CMC-Z/MMT--Neo and CMC-Z/Sep--Neo systems decrease with the increase of zein in the film, these values are still higher than those obtained for CMC-Z films containing the same amount of zein. On the other hand, as expected, due to the plasticizing effect of zein, an enhancement of the plastic behavior is evidenced with the increase of this protein in all of the studied bionanocomposites, which was accompanied by an increase of the *E*~b~ values.

Regarding the kind of hybrid material incorporated into the biopolymer matrix, the improved properties displayed for the CMC-Z/Sep--Neo bionanocomposites in comparison to analogous films based on MMT--Neo is remarkable. This good level of reinforcement in the films containing Sep--Neo was already reported by other studies involving sepiolite-based bionanocomposites,^[@ref30],[@ref48],[@ref49],[@ref55]^ and can be attributed to the high elastic modulus of single sepiolite crystals,^[@ref22]^ as well as to the strong interactions between the zein protein and sepiolite, as reported by Alcântara et al.,^[@ref4]^ improving the mechanical properties of the final material. Nonetheless, all of the bionanocomposites prepared in this work showed superior Young's moduli than those of analogous films for drug delivery,^[@ref56]^ resulting in materials with suitable mechanical resistance for topical drug-delivery purposes.

Taking into account that zein has a hydrophobic character and that this feature can have some effect on the bionanocomposite films, and consequently in the release of neomycin from the prepared films, water vapor sorption properties were also evaluated in these materials ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf)). In fact, the hydrophilicity of the CMC film decreases up to 60% for the CMC films loaded with 50% of zein ([Figure S6a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf)). Lower values of moisture sorption compared to those achieved by the CMC-Z films are still obtained with the incorporation of the MMT--Neo and Sep--Neo hybrids in the biopolymer matrix ([Figure S6b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf)), where it is observed that the incorporation of Sep--Neo did not show a significant decrease of the moisture sorption with the increase of zein in the matrix compared to analogous films based on MMT--Neo ([Figure S6b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf)). These different behaviors in water vapor sorption reveal that the affinity toward water is not only associated with the amount of zein in the biopolymer matrix, but also the kind of hybrid incorporated in the film system is determinant of such property. In all cases, the increase of zein content in these films results in materials with reduced water sorption together with improved resistance toward the high-humidity conditions in the bacteriological tests carried out with these materials.

Antimicrobial Activity Assays {#sec2.4}
-----------------------------

Ointments, gels, foams, and films are pharmaceutical forms suitable for topical application, with systemic or local action. The bionanocomposite materials prepared in this study exhibited good ability to form self-supported films, providing a viable pharmaceutical form for topical delivery of antibiotics. For this evaluation, we selected four microorganisms: two Gram-positive bacteria (*Listeria monocytogenes* and *Staphylococcus aureus*) and two Gram-negative bacteria (*E. coli* and *Salmonella choleraesuis*). [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} reports the set of images of the microbial population growth after 24 h in the presence of the different films, while the measurements of the halos or inhibition zones are summarized in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf). First, the antimicrobial activity of the CMC-Z biopolymer films without neomycin was tested as control, showing no detectable inhibitory activity against the tested pathogens ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A-a). CMC-Z films that incorporate neomycin directly in the biopolymer matrix (CMC-Z/Neo) ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A-b) showed clear antibacterial activity, with Gram-negative bacteria producing the beginning of halo formation in approximately 2 h after contact, while Gram-positive bacteria started halo formation after 4 h of contact with the film. In CMC-Z-Neo films containing 50% (w/w) of zein, the release of neomycin was retarded around 60 min with respect to those CMC-Z/Neo films containing 0 or 10% (w/w) of protein, which show halo formation after 3 h of contact with Gram-negative bacteria. This behavior indicates that the presence of zein in the CMC film causes a more controlled release effect compared to the pure CMC films. After measuring the halos formed up to 10 h, the test dishes were maintained in incubation for an additional 14 h period, not being observed any increase in the inhibition halo after this time. [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf) shows a large halo formation for Gram-negative bacteria compared to Gram-positive bacteria. This result agrees with the literature,^[@ref57]^ and because this drug presents a greater selectivity to Gram-negative bacteria, and only to some Gram-positive bacteria. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A-c shows the inhibition halo formation in CMC-Z/MMT--Neo bionanocomposite films. As expected, these systems showed also a higher inhibition zone for Gram-negative bacteria. Nevertheless, the measurement of the halo formed in the presence of CMC-Z/MMT--Neo bionanocomposites is slightly lower than that formed around the CMC-Z-Neo films after 24 h incubation ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf)). This behavior could be attributed to the fact that not all of the drug present between the lamellae of MMT has been released during the test time, which suggests a more sustained release of neomycin in this system compared to those CMC-Z systems that incorporate the drug directly in the biopolymer matrix. Besides the halo measurements, this hypothesis can be supported by the fact that the starting of halo formation with the CMC-Z/MMT--Neo films containing 0, 10, and 50% (w/w) of zein began approximately 30 min, 45 min, and 1 h 20 min after the beginning of the halo associated with the CMC-Z/Neo materials that incorporate equivalent amounts of zein, respectively. In any case, it should be remarked that the efficiency of antimicrobial effect of these bionanocomposites was maintained, and we can consider that this property was not strongly affected by the drug immobilization into the MMT galleries. In contrast, the antimicrobial activity seems to be meaningfully affected when neomycin is immobilized in sepiolite in the bionanocomposite films ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}B). In this case, CMC-Z/Sep--Neo systems showed the formation of a minor inhibition zone for both groups of bacteria of approximately 3 times smaller ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf)) compared to CMC-Z/MMT--Neo bionanocomposite films discussed above. Taking into account that the amount of neomycin is the same for all of the film systems prepared in this work, it can be considered that this behavior is directly associated with the structure of the Sep--Neo hybrid itself. Hence, this performance could be related to two main factors, which would make the diffusion of the adsorbed drug from the matrix difficult, and consequently resulting in a very slow release of neomycin into the medium of assay: (i) strong interaction between the pharmacologically active compound and the silicate and (ii) penetration of the drug into the tunnels of sepiolite, as suggested by N~2~ adsorption and FTIR experimental techniques and molecular simulations. However, these studies reveal that although neomycin could be encapsulated into the inorganic solid, all of the bionanocomposite films synthesized are still biologically active against the tested bacteria, varying the degree of inhibition efficacy according to the clay mineral host.

![(A) Microbial population growth after 24 h in (a) CMC-Z control, (b) CMC-Z/Neo, and (c) CMC-Z50/MMT--Neo films. (B) Microbial population growth after 24 h in (a) CMC-Neo, (b) CMC/Sep--Neo, (c) CMC-Z10/Neo, (d) CMC-Z10/Sep--Neo, (e) CMC-Z50/Neo, and (f) CMC-Z50/Sep--Neo films.](ao-2018-010264_0009){#fig9}

Conclusions {#sec3}
===========

The use of montmorillonite and sepiolite clay minerals as support of neomycin antibiotic drug in bionanocomposite films based on carboxymethylcellulose polysaccharide and zein protein is reported here. Through a combination of experimental and computational methodologies, it was possible to confirm the intercalation of neomycin into the montmorillonite layers producing an increase of the interlayer space. The probable penetration of the drug in the tunnels of sepiolite may take place as pointed out by molecular simulations, N~2~ adsorption, and XRD experimental techniques. The antimicrobial activity of these bionanocomposite materials showed that the release of neomycin can be modulated according to the amount of zein protein incorporated in the bionanocomposite films, where high amounts of zein can impart hydrophobicity, making the film more resistant in high-humidity environments and delaying the drug release. On the other hand, the bionanocomposite films based on montmorillonite--neomycin displayed a more pronounced inhibitory effect of the bacterial growth than those films prepared with the sepiolite--neomycin hybrid. Such effect can be attributed to the difficult release of neomycin adsorbed on sepiolite due to a strong interaction between both components. Thus, since both MMT--Neo- and Sep--Neo-based bionanocomposite films showed a delay in antibiotic release, compared to a biopolymer matrix incorporating the drug directly, such materials can be considered as efficient systems to protect the drug and allow its sustained release for a longer time, avoiding possible side effects and discomforts from a topical administration.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

Pangel S9, a rheological product manufactured from sepiolite obtained from deposits in Vallecas-Vicálvaro (Madrid, Spain), was provided by Tolsa S.A. This microfibrous silicate has the theoretical formula \[Si~12~O~30~Mg~8~(OH,F)~4~\](H~2~O)~4~·8H~2~O. Sodium montmorillonite with ideal formula (Na)~0.33~(AlMg)~2~(Si~4~O~10~)(OH)~2~·*n*H~2~O and commercialized as Cloisite Na^+^ was provided from Southern Clay Products. This commercial product is a homoionic sodium clay obtained after treatment of the raw Wyoming bentonite. Neomycin trisulfate salt hydrate (Neo) (C~23~H~46~N~6~O~13~), carboxymethylcellulose, and zein from corn were purchased from Sigma-Aldrich (Brazil) and absolute ethanol P.A. (C~2~H~5~OH) from Merck. Ultrapure water was obtained from Milli-Q Merck water purification system.

Preparation of the MTT--Neo and Sep--Neo Hybrids {#sec4.2}
------------------------------------------------

MMT and Sep suspensions (20 g L^--1^) were prepared in ultrapure water by vigorous magnetic stirring for approximately 30 min to disperse the clays. Thereafter, the Neo solution (0.04 mol L^--1^) was added dropwise on each clay suspension. In both cases, the pH of the drug solution was adjusted to around 6 to obtain the protonation of amine groups. This pH value was selected based on computational p*K*~a~ information for Neo molecule obtained from MarvinSketch software version 6.1.5.

For the formation of the montmorillonite--neomycin hybrid (MMT--Neo), after the complete addition of neomycin, the suspension was kept under magnetic stirring for 24, 48, and 72 h at room temperature, to evaluate the influence of the ion-exchange reaction time. In the case of the sepiolite--neomycin hybrid (Sep--Neo), different concentrations of drug were added to the sepiolite suspension to verify the maximum adsorption capacity of the clay. Thus, after the addition of drug, the resulting single batch was kept under magnetic stirring for 48 h at room temperature. After the reaction, the solids were isolated in both systems by centrifugation, washed three times to remove the nonadsorbed drug, and dried overnight at 60 °C.

Preparation of Bionanocomposite Films {#sec4.3}
-------------------------------------

Bionanocomposite films based on carboxymethylcellulose-zein (CMC-Z) that incorporate MMT--Neo or Sep--Neo were prepared by adding the required amount of MTT--Neo or Sep--Neo hybrid material containing 0.5 g of Neo in a solution of CMC (2% w/v), which was previously dissolved in 80 mL of water heated at 60 °C. Then, to achieve final contents of 0, 10, and 50% (w/v) with respect to the biopolymer mass, the required amount of zein was solubilized in 20 mL of ethanol--water (80% v/v) and gradually added to the CMC--hybrid solution, forming a single batch, which was maintained under constant stirring for approximately 30 min. After total homogenization, the resulting bionanocomposite dispersions were placed on Petri dishes and dried at room temperature. For comparison (blank), CMC-Z films containing pure Neo, which was directly incorporated into the biopolymer matrix, were also prepared. The bionanocomposite films prepared from MTT--Neo and Sep--Neo were denoted as CMC-Z/MTT--Neo and CMC-Z/Sep--Neo, respectively, while those that incorporate the pure Neo drug were denoted as CMC-Z/Neo films.

Characterization {#sec4.4}
----------------

Powder X-ray diffraction (XRD) was performed with a Bruker D2-PHASER diffractometer using a Cu Kα source, with a scan step of 0.3 s over the 2θ range of 2--70°. Fourier transform infrared (FTIR) spectra were recorded with a PerkinElmer spectrophotometer, model SPECTRUM 65 FTIR, using the attenuated total reflection method with 2% transmittance limit. Some samples based on sepiolite were analyzed with an FTIR spectrophotometer Shimadzu IR-Prestige, in the range of 4000--500 cm^--1^ and a resolution of 1 cm^--1^ (16 scans). The amount of organic matter in the hybrid compounds was determined by elemental chemical analysis CHN using a LECO CHNS-932 equipment. The thermal behavior of the synthesized materials was analyzed from the simultaneously recorded thermogravimetric (TG) and differential thermal analysis (DTA) curves in a Shimadzu DTG-60AH equipment. These analyses were performed under synthetic airflow (100 mL min^--1^) from room temperature to 900 °C at 10 °C min^--1^ heating rate. The surface areas were obtained using the BET method, and the micropore volumes and external areas were calculated by the *t*-plot method using the Harkins--Jura--de Boer *t*-equation. The total pore volume was calculated at a partial pressure (*p*/*p*~0~) of 0.98. The micropore area was calculated as the difference between the BET and external surface areas.

Mechanical Properties {#sec4.5}
---------------------

The mechanical properties, such as tensile modulus and percentage of the break elongation of the film samples, were evaluated with a 3345 model Instron Universal Testing Machine (Instron Engineering Corporation, Canton, MA) using the standard method ASTM D 882-88. The specimens with rectangular shape (ca. 40 mm × 10 mm) were mounted between the grips with an initial separation of 25 mm, and the speed was set at 5 mm min^--1^. Three replicates were run for each film sample.

In Vitro Antimicrobial Activities of Neomycin Released from Bionanocomposite Films {#sec4.6}
----------------------------------------------------------------------------------

The in vitro antibacterial activity of the samples was evaluated by the disk diffusion method using Mueller--Hinton agar (MHA) (Sigma-Aldrich, India) with inhibition zones determined in millimeters (mm). Gram-positive bacteria (*L. monocytogenes* ATCC 7644, *S. aureus* ATCC 25923) and Gram-negative bacteria (*Escherichia coli* ATCC 25922, *Salmonella enterica* subsp. enterica serovar choleraesuis ATCC 10708) previously grown in Luria Bertani (10 g L^--1^ tryptone, 5 g L^--1^ yeast extract, and 5 g L^--1^ NaCl) for 24 h at 36 ± 1 °C were used for the antibacterial effect assay. Each bacterial suspension (100 μL, 10^8^ CFU mL^--1^) was inoculated on MHA and spread with a sterile Drigalski handle. Bionanocomposites disks (CMC-Zein/Neo, CMC-Zein/MMT--Neo, and CMC-Zein/Sep--Neo with 0, 10, and 50% zein, respectively) together with a negative control (CMC-Z film without neomycin) were placed on previously inoculated MHA and incubated at 36 ± 1 °C for 24 h. During the incubation, the diameter of the growth inhibition zones was measured every 2 h. All tests were performed in triplicate.

Computational Study {#sec4.7}
-------------------

The computational methodology employed to study the intercalation of neomycine on the inorganic clays was based on molecular mechanics simulations, as implemented in Forcite module in Materials Studio software.^[@ref58]^ The details of the computational study methods are shown in the Supporting Information ([SI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf)).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsomega.8b01026](http://pubs.acs.org/doi/abs/10.1021/acsomega.8b01026).Adsorption isotherm for Sep--Neo (fitting); adsorption--desorption N~2~ isotherms of neat Sep and Sep--Neo hybrid; complementary graphics of dynamic molecular studies; and tensile properties, moisture sorption, and antimicrobial activity of bionanocomposite films ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b01026/suppl_file/ao8b01026_si_001.pdf))
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